T lymphocytes are a major component of the adaptive immune system. CD4 positive T cell subpopulations regulate B cell and macrophage effector function while CD8 positive T cells are largely responsible for anti-viral cytotoxic activity. The degree of natural variation in the levels and ratios of the various T cell subpopulations is a possible risk factor for the development of autommune disease, infectious disease and cancer. There is some evidence from studies of inbred strains of mice and humans which suggests that variation in T cell subpopulations is genetically influenced. However, family studies alone cannot distinguish between common environmental and shared genetic influences and provide less robust estimates of the heritability than twin studies. To comprehensively examine genetic influences on a selection of important T cell phenotypes, we investigated variation in levels of total lymphocytes, CD3
Introduction
The human immune response is a key physiological system upon which mammalian survival depends and would be expected to be a crucial target for the action of natural selection. T cells are a fundamental component of the adaptive arm of this response and are involved in defence against pathogens including bacteria, viruses, fungi, protozoa, and multicellular parasites.
1 CD4 positive T cell subpopulations regulate B cell and macrophage effector function while CD8 positive T cells are responsible for anti-viral cytotoxic and some immunoreg-ulatory activities. Studies of the impact of genetic variation on the functioning of the immune system have up to now largely concentrated on qualitative issues of response and non-response. Experimental manipulation of the murine genome using 'knock out' and transgenic technologies has enabled insight to be gained in systems which are driven to phenotypic extremes. The effects of CD4 and CD8 phenotypes are examples of the former 2, 3 while useful insights into T cell development have been gained from rearranged T cell receptor transgenics as examples of the latter. 4 In contrast, the existence of genetically determined natural variation in levels of T cell subpopulations in mice and humans has received little attention. Studies in mice first showed that T cell subset representation was strain dependent and therefore under genetic control. 5 Amadori et al 6 more recently studied the genetics of CD4 and CD8 T cell ratios in healthy human nuclear families and concluded that CD4:CD8 T cell ratio was under genetic control. The degree of natural variation in the levels and ratios of the various T cell subpopulations may contribute to part of the genetic risk for the development of autommune disease, infectious disease and cancer. To explore this hypothesis we have measured a number of fundamental T cell parameters in humans in a large cohort of monozygotic (MZ) and dizygotic (DZ) twins. From a genetic perspective, MZ twins share all their genes while DZ twins are similar to ordinary siblings in that they share on average 50% of their segregating genes. However, unlike sibs, use of DZ twins has the virtue of removing any confounding effects of age and controls for differences in pre-and postnatal circumstances of gestation and rearing. In this study we establish the degree of genetic and environmental control over a number of peripheral T cell parameters using the classical twin model approach.
Results
The age range of the twins under study was 18-80 years. The mean age of the MZ twins was 47.7 ± 15.6 years and for the DZ twins it was 50.0 ± 13.0 years. Table 1 summarises the number of complete twin pairs (N), the mean values (±s.d.), and the intra-class correlations (ICC) of the various immune markers for MZ and DZ twins.
The mean values and standard deviations for the MZ and DZ twin populations were comparable, although some means were slightly higher in the MZ group. On testing for the differences in the means between the MZ and DZ group we showed that although the differences were significant for lymphocytes, CD3 + , CD4
+ and CD3 + CD4 + , this did not significantly influence the heritability estimates.
For both the lymphocyte and CD3 + T cell populations, the intraclass correlations suggest a genetic effect as the ICC for the MZ twins is greater than the DZ intraclass correlations.
The results of the univariate model fitting are shown in Table 2 
CD8
+ T cell and CD4 + :CD8 + lymphocyte ratios also suggests AE to be the best fitting model. Testing the effect of age showed a small but significant contri- bution to the total variance of the T cell (1%, P Ͻ 0.001) and lymphocyte (2%, P Ͻ 0.001) CD4:CD8 ratios.
Discussion
In this study, we investigated the extent to which genetic and environmental influences control the absolute levels and cellular ratios of various T lymphocyte subpopulations using the classical twin model approach. The study population was entirely female and the age range covered the adult period from 18 to 80 years. Our data indicate that quantitative variation in absolute levels of peripheral blood T lymphocyte levels is under significant genetic control. Heritability, the proportion of total variance due to additive genetic factors, ranged from 45%, for the CD3 + T cells, to 65%, for the CD4:CD8 T cell ratio. The variance due to unique environmental differences, ranged from 33%, for CD4:CD8 lymphocyte ratios, to 52% for lymphocyte and CD3
+ T cell levels. Age was shown to have a small but significant effect on absolute levels of CD3 + , CD8 + and CD3 + CD8 + T cells, as well as the CD4:CD8 T cell and lymphocyte ratios and explained up to 4% of the observed variance. This is the first classical twin study of an adult population which investigates the relative influences of genes and environment on the absolute levels of peripheral blood T cells. Previous studies have either examined small nuclear families 6 or twins at age 12. 7 Amadori et al 6 studied subjects across a wide age range while Evans et al 7 reported a twin study of broadly similar T cell phenotypes and sample size. Our results agree with these studies in showing that levels of T cell subpopulations and ratios are under significant genetic control. Interestingly, our heritability estimates are somewhat lower for equivalent T cell phenotypes than those of Evans et al 7 obtained from a mixed sex group of 12-year-old twins. A possible explanation is that genetic control relaxes with increasing age and the influence of unique environment becomes more important with age through the cumulative exposure to a range of environmnetal and self antigens.
In agreement with the family study, age had a small but significant influence on not only the T cell (age variance ෂ1%) and T lymphocyte (ෂ2%) ratios but also on CD3 + (ෂ2%), CD3
cells (ෂ3%), as well as CD8
+ lymphocytes (ෂ4%). Our findings broadly reflect the gross changes in T cell levels which have been observed in cross-sectional and longitudinal studies in mice and humans. A study on mice showed an age-dependent depletion of absolute CD8 + cell counts. 8 However, they also reported a reduction in CD4 levels with age, which we did not find in our study of humans. The related measure, CD4:CD8 ratio, was also shown to drop steadily as a function of age. 8 Shifts in the CD4:CD8 ratio were shown to be due to decreases in the numbers of CD8 + T cells which were less pronounced than the decreases of CD4 + T cells. 6, 8 Cross-sectional studies of human peripheral blood T cell populations have shown similar results to the mouse studies. Absolute values for most lymphocyte subpopulations have been shown to differ substantially with age. Absolute numbers of lymphocytes, CD3
+ T cells, CD4
+ T cells and CD8 + T cells and CD4:CD8 ratios all declined with age. 6, [9] [10] [11] [12] It has been previously reported that the CD4:CD8 ratio in inbred mice, strains of rat, and humans is under genetic control. In the mouse the ratio was concluded to be under the control of a single dominant gene and significantly influenced by age. 5 Another study, using common laboratory mouse strains, indicated that the distinct relative sizes of the CD4 and CD8 compartments are determined by genetic variation in the process of thymic lineage commitment rather than by TCR-mediated positive or negative selection. 13 Like mice, different rat strains have been shown to differ in their peripheral CD4:CD8 T cell ratios. A study by Damoiseaux et al 14 used the Lewis (LEW) and Brown Norway (BN) rat strains, their respective MHC− congenic, as well as (LEW × BN) F 2 hybrids to decipher control of the peripheral CD4:CD8 T cell ratios. Their results revealed that the development of the distinct peripheral CD4:CD8 T cell ratio between both strains originates in the thymus and is determined during selection on radio-resistant stromal cells. Furthermore, the difference was strictly correlated with the MHC haplotype and was a result of a reduction in the absolute number of CD8 + and not CD4 + T cells in BN rats. 14 These results agree with those from the mouse in the sense that the thymus plays a crucial role in the establishment of the peripheral CD4:CD8 T cell ratio. However, there is a clear discrepancy between these two species. The CD4:CD8 ratio in the mouse develops independently of MHC haplotype, whereas in the rat the MHC genes were shown to play a crucial role in determining the peripheral CD4:CD8 T cell ratio.
In humans, mapping of loci responsible for quantitative variation in T lymphocyte populations and ratios has yet to be undertaken. However, the segregation analysis by Amadori et al 6 suggested that variation in CD4: CD8 ratio was controlled by a major recessive locus together with a polygenic component and random environmental effect. Taken together with the mouse and rat data, the prospect exists of identifying candidate genes responsible for the major proportion of additive genetic variation. Genes within the HLA, T cell receptor alpha and T cell receptor beta loci are attractive targets. The conservation of genetically controlled variation in peripheral T cell levels and CD4:CD8 ratios in humans, mice and rats strongly implies a role for natural selection in the maintenance of such variation. The functional relevance of this variation has yet to be established but may relate to differential ability to respond to infectious pathogens. This variation may also represent a risk factor for the development of immune-mediated diseases with a genetic component, including autoimmune diseases.
Conclusions
These results show that additive genetic factors have a major influence on the control of peripheral T cell subset numbers. Detection of polymorphism dictating such variation should be pursued and taken into account when assessing risk factors for T cell immune-mediated disease with a genetic background.
Materials and methods

Study population
A maximum of 103 monozygotic (MZ) and 186 dizygotic (DZ) twins aged 18-80 years from the St Thomas' UK adult twin registry participated in the study. The twin pairs were ascertained from the general population through national media campaign in the United Kingdom. Informed consent was obtained from all subjects although the participants were unaware of the specific hypothesis tested. Zygosity was determined by standardised questionnaire 15 and confirmed by a combination of DNA analyses which included full genome scans, the ABI FESTR kit and the United Kingdom Forensic Science Services QUAD system. Due to incomplete lysis of red cells, the number of subjects studied for each phenotype varies.
Flow cytometry
Fasting venous blood samples (5 ml) were drawn into glass vacutainers anticoagulated with 50 l sterile preservative-free heparin and analysed within 2-4 h. Samples were taken between 10.00 and 11.30 am to minimise any circadian fluctuation in leukocyte population levels. Flow cytometric analysis was performed using a Coulter EPICS-XL I set up for three-colour detection and controlled with XL system II software. The cytometer was calibrated daily using ImmunoCheck beads (Beckman Coulter, High Wycombe, UK) in order to maintain a half peak coefficient of variation (HPCV) of less than 2 for each channel.
Cells were stained directly and prepared from whole blood aliquots using fluorescent-conjugated monoclonal antibodies and the ImmunoPrep reagent system (Beckman Coulter). All monoclonal antibodies used were directly conjugated mouse anti human and were: IgG1-FITC 679.1Mc7, IgG1-PE 679.1Mc7, IgG1-Cy5 679.1Mc7, CD3-Cy5 UCHT1 (IgG1), CD45-Cy5 J.33 (IgG1) (All Immunotech/Coulter, High Wycombe, UK) and CD4-FITC SK3 (IgG1), CD8-PE SK1 (IgG1) (Becton Dickinson, Oxford, UK)
Populations were gated as follows. A 2D scatter plot was generated for each parameter combination required. Lymphocytes were gated according to their forward and side scatter properties and 5000 events recorded. Data for the CD4:CD8 ratio of lymphocytes was recorded for this region. In order to obtain a ratio of CD4:CD8 for T cells, a further analysis gate was taken around cells observed as CD3 + . Positive thresholds were defined by quadrant regions which enclosed 99% of the negative control population on each axis. FlowCount (Coulter) beads were used to estimate the concentration of lymphocytes in a given sample and the absolute number for each lymphocyte subset was calculated from this.
Analytical approach
Quantitative genetic model fitting of twin data: Twin methodology makes use of the fact that MZ twins share identical genotypes, whereas DZ twins share only 50% of their genes. It is assumed that both types of twins share their common family environment to the same extent 16 so any greater similarity between monozygotic compared with dizygotic twins reflects genetic influences. A higher MZ than DZ intraclass correlation (ICC) provides a first impression of the magnitude of genetic influence. 17 Details of model fitting to twin data have been described elsewhere. 18, 19 In short, the technique is based on the comparison of the covariances (or correlations) in monozygotic and dizygotic twin pairs and allows separation of the observed phenotypic variance into additive (A) or dominant (D) genetic components and common (C) or unique (E) environmental components. E also contains measurement error. Dividing each of these components by the total variance yields the different standardised components of variance, for example the (narrow sense) heritability (h 2 ) can be defined as the proportion of the total variance attributable to additive genetic variation (also termed a 2 ). By incorporating age into the model, the influence of age on the phenotype can also be quantified. 20 A path diagram of the twin model is shown in Figure 1 .
The significance of age and components A, C and D was assessed by testing the deterioration in model fit after each component was dropped from the full model. Standard hierarchic 2 tests were used to select the best fitting models. 18 Log transformation was carried out on the phenotype data prior to analysis to obtain normal distribution. This was tested for using a KolmorogovSmirnov test for normality.
Statistical software: Data handling and preliminary analyses were done with STATA. 21 Genetic modelling was carried out with Mx, a computer program specifically designed for the analysis of twin and family data. 18, 22 Power: Given the sample size of our study there is 80% power (P = 0.05) to detect genetic influences for traits with heritabilities as low as 15%. However, a higher num-ber of twins will be required to detect small non-additive genetic (D) and common family environmental (C) influences.
